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INTRODUCTION
Rubus spp. are, in regards to the nutritional value of their berries, considered as biologically valuable with positive impact on human health, therefore intensive cultivation of productive and high quality cultivars is desirable (SZAJDEK and BOROWSKA, 2008) . Conventional breeding in woody species is limited by several constraints, such as high level of heterozygosity or lack of natural donors of desired traits (FLACHOWSKY et al., 2009) . A promising alternative to overcome these constraints in the breeding effort of the fruit tree species is the transfer and expression of the genes of interest. Incorporation of exogenous DNA into crops by use of Agrobacterium tumefaciens is a promising technique of genetic transformation, which requires successful plant regeneration from transformed cells. Even though the proper regeneration system exists already for certain species, it is known that transgenic status of the cells might negatively influence their regeneration ability and therefore subsequent modification of regeneration protocol are needed. Presently, the efforts are focused on elaboration of efficient system for adventitious regeneration which creates the basic condition for application of genetic engineering and micropropagation enabling the effective multiplication of improved plant material. In vitro adventitious organogenesis was studied in different genotypes of Rubus spp. (GRAHAM et al., 1997; MEZZETTI et al., 1997; PALONEN and BUSZARD, 1998; TSAO and REED, 2002; MENG at al., 2004; ZAWADSKA and ORLIKOWSKA, 2006; LAZIĆ and RUZIĆ, 2007; GUPTA and MAHALAXMI, 2009; VUJOVIĆ et al., 2010) . The results of these studies showed that development of efficient and widely applicable regeneration system is complicated in these species due to high genotype diversity of Rubus genus, highly genotype-specific regeneration ability and difficulties to regenerate plants from tissue derived from mature plants. Genetic transformation in Rubus species was also studied by several authors. In spite of some partial results, the effective regeneration of transgenic plants is still limited, mainly due to the considerable sensitivity of their tissue to antibiotics used for selection of transformed tissue and thus negative influence on regeneration process (FIOLA et al., 1990; HASSAN et al., 1993; DE FARIA et al., 1997; GEORGIEVA et al., 2008) . It is obvious that use of certain selectable markers can markedly influence the plant regeneration and especially, kanamycin selection has been found to have deleterious effects on the morphogenesis of some fruit crops, including Rubus species (GILL et al., 2004) .
The presented paper is focused on study of factors influencing adventitious regeneration of blackberry (Rubus fruticosus L.) before and after transformation by Agrobacterium tumefaciens using explants of field grown mature plants.
In vitro culture establishment
Two cultivars of Rubus fruticosus L. ´Čačanska Bestrna´ and ´Black Satin´ were used for in vitro regeneration and transformation by Agrobacterium tumefaciens. For in vitro culture establishment, stem cutting with dormant buds were collected from mature plants grown in the experimental garden and sterilized according to the procedure described by GAJDOŠOVÁ et al. (2006) . Single-node segments were cultured on MS medium (MURASHIGE and SKOOG, 1962) containing 3% sucrose (w/v) and 0.8% (w/v) Phyto agar, pH adjusted to 5.8. The medium was supplemented with 1 mg l -1 BAP, 0.1 mg l -1 IBA and 0.1 mg l -1 GA 3 for shoot initiation and multiplication (LAZIĆ and RUŽIĆ, 2007) . The cultures were multiplied on the same medium, subcultured at three to four week intervals. Multiple shoot cultures were used as a source of explants for regeneration and transformation experiments.
Adventitious shoot regeneration from non-transformed tissue
For induction of adventitious regeneration, MS medium supplemented with BAP, TDZ and zeatin at concentrations 1, 2 and 5 mg l -1 in combination with 0.05 mg l -1 IBA was tested in cv. ´Čačanska Bestrna´. As primary explants, 3−4 upper leaves and petioles of in vitro plants were used. The leaf blades wounded by scalpel were cultivated by abaxial side touching the regeneration medium. Petiols were cultivated in horizontal position. Totally, 50 explants of each type were cultured on tested medium variants in sterile 90-mm Petri dishes (25 ml of culture medium and 5 explants/Petri dish). After 6 weeks of culture, the percentage of explants forming adventitious buds were recorded, while number of shoots per explant were counted upon second subculture on the same medium. The results were analysed by one-way ANOVA followed by Ftest.
In the next experiment, adventitious shoot regeneration in cvs. ´Čačanska Bestrna´ and ´Black Satin´ was tested using non-transformed tissue on shoot induction media SIM-A (which was in our previous experiment evaluated as the most efficient for shoot regeneration in cv. ´Čačanska Bestrna´) and SIM-B, both containing MS macro-, microelements and vitamins, 3 % sucrose (w/v) and 0.6 % (w/v) Phyto agar at pH 5.8. SIM-A was supplemented with 1 mg l -1 TDZ and 0.05 mg l -1 IBA, while in medium SIM-B concentration of IBA was reduced to 0.02 mg l -1 in order to reduce intensive callus formation. Totally, 30 flag explants (petiole with basal part of the leaf) with cut ends of the petioles completely immersed in the medium, were cultivated on each medium variant in sterile 90-mm Petri dishes (25 ml of culture medium and 5 explants/Petri dish). Influence of SIM-A and SIM-B medium on shoot regeneration was evaluated after 6 weeks. The percentage of shoot forming explants and the average number of shoots/explant were recorded.
After 6 weeks, half number of the shoot-forming explants were transferred on shoot elongation medium (SEM-C) of the same composition of macro-, microelements and vitamines but containing 1 mg l -1 BAP, 0.02 mg l -1 IBA and 0.1 mg l -1 GA 3 at pH 5.8, with the aim to reduce redundant shoot multiplication and to support shoot development. The second half of the explants with the formed shoots was cultivated henceforth on the fresh SIM-B. Influence of SEM-C and SIM-B on further shoot development and elongation was observed after 6 weeks. The cultures were maintained in a culture room at 23±2 °C, under 16-h photoperiod and 50 µmol m -2 s -1 light intensity.
Agrobacterium tumefaciens-mediated transformation
For genetic transformation, three commonly used Agrobacterium tumefaciens strains, the octopine strain LBA4404 (HOEKEMA et al., 1983) , the nopaline strain C58 (GOODNER et al., 2001) and the succinamopine strain AGL 0 (LAZO et al., 1991) were used. The binary plasmids used for gene transfer were pTS2 (SALAJ et al., 2009 ) and pCambia 1304 (http://www.cambia.org/daisy/cambia/585.html) for each the above mentioned Agrobacterium strains. The T-DNA of binary plasmid pTS2 contained the neomycin phosphotransferase II (nptII) selectable marker gene encoding resistance to kanamycin and the binary plasmid pCambia1304 contained hygromycin phosphotransferase (hpt) selectable marker gene encoding resistance to hygromycin. Transformation was performed according to the procedure described by SÚKENÍKOVÁ et al. (2015) .
Transgenic shoot regeneration and selection, rooting and acclimatization
Following transformation, the flag explants were briefly dried out on sterile filter paper and cultivated in sterile 90-mm Petri dishes filled with 25 ml of solid SIM-B medium supplemented with 250 mg l -1 cefotaxime and 10 mg l -1 kanamycin (after transformation with pTS2) or 10 mg l -1 hygromycin (after transformation with pCambia 1304) at pH 5.8. Five explants/Petri dish were cultivated vertically with cut ends of the petioles completely immersed in the medium. After 6 weeks (2 subcultures, each lasted 3 weeks), the explants with regenerated shoots were transferred on SEM-C medium of the same macro-, microelements and vitamins composition but containing 1 mg l -1 BAP, 0.02 mg l -1 IBA and 0.1 mg l -1 GA 3 (pH 5.8) and supplemented with 250 mg l -1 cefotaxime, 10 mg l -1 kanamycin (pTS2) or 15 mg l -1 hygromycin (pCambia 1304).
Rooting of regenerated shoots was performed on hormon-free root induction media RIM-1 and RIM-2, both composed of MS macro-, microelements and vitamins, containing 3% sucrose (w/v) and 0.6% (w/v) Phyto agar, at pH 5.8. RIM-1 was supplemented with 10 mg l -1 hygromycin or 10 mg l -1 kanamycin and 250 mg l -1 cefotaxime, while RIM-2 was without antibiotics. The rooted shoots were acclimatized by transferring them to pots filled with soil and covered with glass containers to maintain humidity. In order to enable gaseous exchange, the containers were gradually opened each day for several hours.
RESULTS AND DISCUSSION

Adventitious shoot regeneration
It is known that application of genetic transformation techniques is highly dependent on efficient plant regeneration system. In our first experiment testing the effect of different cytokinine type and concentration, medium supplemented with 1 mg l -1 TDZ and 0.05 mg l -1 IBA (SIM-A) was found to be suitable for adventitious shoot regeneration of cv. ´Čačanska Bestrna´ in spite of the fact, that differences in adventitious regeneration among the tested medium variants were not statistically significant because of very high variability in explant response to medium variants (Tab. 1). Using this medium we achieved the highest percentage of regeneration (22% and 46 % from leaf discs and petioles, respectively), as well as the highest number of regenerated shoots per explant (3.68 and 5.39 shoots/leaf discs and petioles, respectively). However, excessive callus growth and formation of dense shoot clusters with poor shoot elongation observed during following subcutures on this medium proved to be problematic in regeneration and selection processes after transformation. Decrease in callus formation was achieved by reducting auxin IBA concentration to 0.02 mg l -1 (SIM-B medium). Comparing the impact of two shoot induction media on adventitious shoots regeneration from non-transformed flag explants of both model cultivars of Rubus fruticosus L. (´Čačanska Bestrna´ and ´Black Satin´) we revealed that the SIM-B medium with 1 mg l -1 TDZ and a lower concentration of IBA (0.02 mg l -1 ) is preferable for adventitious shoot induction in both cultivars. After 6 weeks of culture on SIM-B medium shoot induction rate achieved 60% and 57% in cvs. ´Čačanska Bestrna´ and ´Black Satin´, respectively, while on medium SIM-A only 20% and 40% of explants formed shoots, respectively. The average number of shoots/explants on medium SIM-B was also higher in both tested cultivars in comparison with medium SIM-A (7.7 and 9.5 versus 3.2 and 6.2 shoots/explants in cvs. ´Čačanska Bestrna´ and ´Black Satin´, respectively) (Fig.1) . By transfer of induced shoots on SEM-C medium in which 0.1 mg.l -1 GA 3 was added and TDZ was replaced by 1 mg 1 -1 BAP the excessive shoot multiplication was stopped and shoot extension growth was encouraged. Promotion of shoot elongation was visible in both cultivars compared to shoots with prolonged cultivation on medium SIM-B (Fig. 2 and 3) .
Adventitious shoot regeneration using TDZ and IBA was described in different Rubus spp. by several authors. DE FARIA et al. (1997) used 1 mg l -1 TDZ and 0.5 mg l -1 IBA for adventitious shoot induction in red raspberry. Also TDZ was reported to be significantly more effective than BAP for inducing organogenesis from detached Rubus cotyledons and leaves in the papers of FIOLA et al. (1990) and TURK et al. (1994) . MENG et al. (2004) found that optimum shoot formation was achieved when stock plants were incubated in TDZ pretreatment medium for 3 weeks before culturing leaf explants on regeneration medium with 1.128 mg l -1 BAP and 0.1 mg l -1
IBA. Findings of these authors are in agreement with our results. We also observed better shoot formation when explants with shoots induced on medium with TDZ were further cultivated on medium with 1 mg l -1 BAP. In Rubus adventitious regeneration reported by other authors, leaves were mostly used as initial explants TURK et al., 1994; TSAO and REED, 2002; ZAWADSKA and ORLIKOWSKA, 2006; LAZIĆ and RUŽIĆ, 2007; GUPTA and MAHALAXMI, 2009; VUJOVIĆ et al., 2010) . MENG et al., (2004) used leaves and petioles as primary explants in blackberry regeneration and found that regeneration percentage and the number of shoots per Petri dish were significantly higher from leaves than petioles when cultured on medium containing BAP and IBA. COUSINEAU and DONNELLY (1991), on the contrary, found no differences in adventitious shoot ability among leaf blade explants, detached petioles, and leaf explants with petioles attached when cultured red raspberry on medium with TDZ. Leaves and petioles were used as the initial explants also for A. tumefaciens-mediated transformation of three Rubus idaeus L. cultivars (MATHEWS et al., 1995) . Independently on the way of selection, the authors obtained higher percentage of regeneration following transformation by use of petioles in comparison with leaves in all three cultivars. In our experiments with testing the effect of cytokinine types and concentration, we found that by using the petioles as primary explants it is possible to achieve higher efficiency of adventitious shoot regeneration (46%) in comparison with leaves (22 %). Flag explants used in our subsequent experiments proved to be the most suitable for regeneration and selection after transformation. Transgenic shoot regeneration occuring at cut end of petioles completely immersed in the medium was markedly improved owing to direct contact of regeneration area with selection pressure of antibiotics and improved nutrient uptake by basal part of the leaf during regeneration on selection medium.
Agrobacterium tumefaciens-mediated transformation and transgenic shoot regeneration
As described by SÚKENÍKOVÁ et al. (2015) , 598 of flag explants of Rubus fruticosus L. cv. ´Čačanska Bestrna´ and 185 of flag explants of cv. ´Black Satin´ were finally transformed by LBA 4404 harboring plasmid pCambia 1304 or pTS2. After 6 weeks of culture on SIM-B medium with 250 mg l -1 cefotaxime and 10 mg l -1 kanamycin or 10 mg l -1 hygromycin according to plasmid used for transformation, 32.4% of explants (after transformation by pCambia 1304) and 9.4% of explants (after transformation by pTS2) in ´Čačanska Bestrna´ responded by adventitious shoot induction, while in ´Black Satin´ it was only 13.8% (after transformation by pCambia 1304) and 5.7% (after transformation by pTS2). The results of adventitious shoot induction rates clearly indicates the negative influence of kanamycin on shoot regeneration ability. Shoot elongation was promoted by transfer of explants on medium SEM-C supplemented with 250 mg l -1 cefotaxime and 10 mg l -1 kanamycin or 15 mg l -1 hygromycin and where TDZ was replaced by 1 mg l -1 BAP. After 6 weeks of cultivation on SEM-C medium with hygromycin, excessive induction of new shoots was almost stopped and already formed shoots elongated instead, which contributed to potential elimination of induction and growth of non-transgenic shoots in both cultivars. On medium with kanamycin, none of the induced shoots were able to survive.
Finally, 34 potentially transgenic shoots of cv. ´Čačanska Bestrna´ and 4 of cv. ´Black Satin´ transformed by LBA 4404/pCambia 1304 which survived prolonged cultivation on medium with 15 mg l -1 hygromycin were transferred for rooting on root induction media RIM1 and RIM2. In cv. ´Black Satin´, none of the 4 transferred shoots survived on either RIM1 or RIM2 media. Half of twelve-week-old regenerated shoots of cv. ´Čačanska Bestrna´ cultured on medium RIM1 containing 250 mg l -1 cefotaxime and 10 mg l -1 hygromycin failed to form roots and ultimately died. We were able to achieve rooting of 11 shoots (3.3%) only on RIM 2 medium without antibiotics. From eleven rooted plantlets, 4 plantlets survived acclimatization (1.2%) and were successfully transferred to in vivo conditions. Results of transformation and regeneration of Rubus fruticosus L. are summarized in Table 2 . Obtained results indicate that although SIM-B and SIM-C media represent good regeneration system for R. fruticosus, a high sensitivity of blackberry tissue to selection antibiotics caused decreasing in regeneration ability. Comparing both tested cultivars, cv. ´Black Satin´ is more sensitive to selection antibiotics than cv. ´Čačanska Bestrna´. Especially kanamycin had a strong negative effect on shoot regeneration and survival in both cultivars what was observed also by other authors (FIOLA et al., 1990; DE FARIA et al., 1997; GRAHAM and MCNICOL, 1990; HASSAN et al., 1993) . Hygromycin selection was used for regeneration from transformed leaves and petioles of Rubus idaeus in experiments of MATHEWS et al. (1995) . The authors stated that petioles are better regenerating explant type than leaf discs and hptII gene is more effective for selection than nptII gene what is in agreement with our findings. In our experiments with Rubus fruticosus, shoot regeneration occurred from cut ends of petioles completely immersed in the medium using flag explants cultivated vertically on the selection medium with 15 mg l -1 hygromycin. From the results of our experiments we can conclude that SIM-B and SIM-C media in combination with hygromycin are preferable to be used for shoot regeneration, growth and selection after transformation of Rubus fruticosus L. According to our knowledge, this is the first regeneration system enabling transgenic plant regeneration in Rubus fruticosus L. by use of explants of mature plants. 
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